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(54)Tifle: USB O F A TURBULATOR FOR DAMPING STaLl VlBRATlOWS m 
(57) Abstract 

A tiirbulator is arranged on fte leading edge of a Wade (4) for damping or complei^ 
oreventing stall vibrations in wind tuibliie blades. The tinbulator may be fonncd as a smp (3) 
wifli an triangnlfli cros« section and ™cd «ute^^^ 

The len fifli of the strip may be in the range of 2.5 % of the length of *e Made and may be 
mounted from a radius of 15 9& fkom the blade tip and towaids the cenoe, 
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Tifle: The use of a turbulator for damping stall vibratioiis in the blades of a wind 
Technical Field 

The inventioii relates to the u«e of turbidator for damping ot completely preventing stall 
5 vibrations in wind turbine blades and to a wind turbine having a blade provided with 
a turbulator. The expression "turbulator** denotes in this context a turbulence inducing 
means. 

Rackjn-ound Art 

It is known that so-called stall vibrations occur in the wind tuibme blades under 
10 operation high winds. The vibrations may occur both in flap-wise dh^on (ie perpen- 
dicular to a plane thioagb the leading and trailing edge of the blade) and in edge-wise 
direction (ie in the plane duough die leading and traflqg edge of the blade) as well as 
in combmed diiecdons. The stall vibrations can be veiy severe and seriously leduce 
the life of the blades. A particularly adverse circumstance is that the symmetrical 
15 conditicm in the edge-wise vibration state^ in whidi two blades vibrate in phase 
opposition, often makes it difGcult to recognise the stall vibrations from the stationary 
part of the wind turbine. The blades may dius be in a critical state with high vibration 
amplitudes witiiout error signals being given by a normal vibration warning device. 



It is known that stall vibrations mainly occur on certain blade types and maybe even 
20 only when ushng certain types of wind turbines. The reason herefor is not commonly 
known and no analytic methods exist to pre-detemune whether a given blade type, 
possibly in connection with a specific type of wind tmbine, will cause stall vibrations. 



Tests carried out by the inventors have shown that a gi^at risk of stall vibrations m a 
given blade type is Involved when the blade is mounted on one type of wind turbine 
25 having certain structure dynamic properties and only a small risk or none at all is 
involved whm the blade is mounted on .anodic type of turbine having other strucmre 
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dynamic properties. These test results are not commonly Imowit 

It is known that the occurrence of stall vibratiom may be prevented by shutting down 
opeiation in high winds. The diawbatk of this option is that it may result in a reduction 
5 in or shut-down of the operation already at wind speeds in the range of 16- 18 m/s., 
while modem wind turbines otherwise usuaUy arc expected to have a cut-out wind speed 
of 25 m/s. . The loss .of production resulting from the shut-down of the operation in the 
frequently occurring higher wind speeds are in many instances unacceptable. 

It is also known that stall vibrations may be dampen by built-in vibration dampers in 
10 tiie blades. The drawback of this option is that the mere size of a vibration damper for 
a large wind turbine blade is considaable and substantial costs are thus incurred at the 
use tiiereof and flirflier in many cases maintenance is required. 

Apart from the possibility of built-in vibration dampers no methods for dancing stall 
vibrations are presently known. 

15 It is known that the lift properties fw.a blade cross-section wifli a given profile may 
be altered in various ways. One way is to mount a torbnlator on or close to the leadmg 
edge of the blade. The use of such nirbulators on aeroplanes are known. On wind 
turbines turbulators in foim of stall stt^s are exclusively used for adjusting die power 
curve of tiie mrbine or in particular cases for altering the noise emission of the blade. 

20 Brief Descrip tifin of the Invention 

The object of the invention is to provide a particularly smqile manner for damping or 
preventing stall vibrations. 

According to the invention the use of a turbulator on tbt leading edge of a wind turbine 
blade result hi a hitherto unknown and surprisingly advantageous damping or a complete 
25 removal of stall vibrations in situations, in whidi stall vibrations otherwise would be 
expected due to the combination of mod turbiiiB blade and wind turbine structure used, 
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and in which staU vibrations hitherto have been considered a serious problem which 
could only be solved satisfectorily by using built-in vibration dampers. 

Similar advantages ate obtained in a wind turbine whidi according to the invention Is 
characterised in that it conoprises a number of tnrbulator segments aligned and evenly 
5 interspaced along the leading edge of the blade, 

The invention thus enables operation of types of wind turbines, where the cut-out wind 
speed hitherto has had to be redticed due to die risk of staU vibrations m wind speeds 
up to the noimal cut-out wind speed. of typically 25 m/s.. As result the profitability is 
improved considerably. 

10 Compared to vibration dampers the present mvention is advantageous in that a built-in 
device of a considerable size and maintenance thereof is not required. 

Rirfhennoie the invention is advantageous in Chat it is very suitable for subsequent 
mounting . Thus, in a wind turbine in w;iiidi tiie combination of structure dynamics and 
aerodynamic allows stall vibralioBS said vibrations can be dampened or prevented by 
15 means of the present invention in a particularly simple and inexpensive manner. 

Finally the invention is advantageous m that an anbodiment thereof, which is very 
effective in damping stall vibrations, also has a positive influence on the power curve 
of die wmd turbine. As a results a particularly surprising effect of the invention is 
obtained. 

20 Advantageous enibodiments of the invention are disdosed in the sub-claims. 

The expression "stall vibrations" (sometimes denoted stall-induced vibrations) on wind 
turbines have been used since tiie 1980*ies. However, the first observations of fliis 
phenomenon on large wmd turbmes have later proved to be misinterpreted. In practice 
only in recent years has die pheoomfflion b^ found in commercial wind turbines. 
25 Consequentiy tiie knowledge available about the phenomenon, its origin and the remedy 
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tbereof IS rather limited. 

Based on their own tests the inventors have the following understanding of stall 

vibrations: 

In operation, the blades of stall regulated wmd mrbines may be in a state in which the 
5 aerodynamic damping is small or negative. At very negative damping the total damping, 
which is the sum of the aerodynamic and the strucmral damping, can become negative. 
The wind turbine may then become self-excited. The vibrations do not necessarily 
depend on a coupling between the individual blades and most likely the vibrations have 
high amplitudes in flap-wise direction. This type of vibrations was assumed to be 
10 observed on the Nibe-A wind tnrbine in the early 1980'ies, but later measurements 
revealed that flie turbine did not «iter into such a state. 

Another type of stall vibiaiions seem to occur, when the total damping not necessarily 
becomes negative, but when the combination of little damping and aeroelastic fisedback 
result in instability. This type of stall vibrations may occur when the edge-wise natural 
ftequency of the blades is dose to the second harmonic tilt or yaw ftequency. During 
the vibration per se an aeroelastic coupling takes place between the edge-wise move- 
ments of the blades m the first vibration mode and the flap-wise movements in the 
second tilt or yaw mode. As the deformations at the blade root in flap-wise direction 
not necessarily are particulariy serious in the second mode, the phenomenon is primarily 
observed by measurements on the blade root as deformation in edge^wise direction. This 
phrawmenon is thraefore often called e^e vibrations. 

Based on the above knowledge, (rf whidi much axe not commonly known, in general 
stall vibrations can be dampened or prevented by mcreasing ttie araodynamic danq)mg. 
Edge vibrations may furtbeimore be dampened or prevented by altering the dynamics 
25 of the wmd turbine such that the edge-wise natural frequency is flirther apart ftom the 
second harmonic yaw ftequency. The present invention aims at the first solution. 

Preferably, the increase in the aerodynamic damping is obtained by using aerodynamic 



15 



20 
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modifications which do not impair ttie aerodynamic permaiience of the dampened blade. 
Tests have shown that tuibulators arranged on the leading edge of the blade are suitable 
for this purpose. The detailed understanding of how the increased aerodynamic damping 
is obtained is not quite established, inter alia as the damptog conditions at normal, 

5 non-modified, aerodynamic profiles on wmd turbine blades are not quite established. 
It is assumed ±at the effect is due to a combination of partly a reduced Q-max. 
(maximum lift coefficient) of the modified profile and partly (and partly as a result of 
the reduced Cl-max-) a reduced hysteresis loop of the profile in stall. Moreover - 
although depending on the practical design - the turbulator comprises the featore that 

10 it in its stall state is able to effect a considerably larger area of the blade and not merely 
the area immediately behmd the turbulator This effect enables a turbulator of a length 
of only 2-3 % of the length of the blade to effectively dampen the edge vibrations. 

Brief Descripti oii of the Drawings 

Advantageous, practical embodiments of the invention are explained in detail below. 
15 Reference is made to the drawings, m which 

Fig. 1 illustrates an example of staO vibrations. 

Fig. 2 is a diagrammatic view of a known turbulator arranged on the leading edge of 
a wind turbine blade, 

Fig. 3 is an example of how the use of the turbulator in Fig. 2 removes stall vibrations, 

20 Fig. 4 is an example of how the turbulator may be arranged in segmenls, 

Fig. S is an example of how the segmented turbulator improves the power curve of the 
wind turbine. 

Best Mode for Car rvinp out the Invention 
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Fig. 1 iUustraies an example of staU vibrations. The figure illustrates the relation 
between different parameters and time of a vibration course, the time in seconds being 
indicated on the abscissa. From the top flie ordfaiate shows: 

A: the wind speed (m/s.); 
5 B: power (kW); 

C: the flap-wise blade root moment; 

D*. the edge-wise blade root moment; 

E: the tjlt moment; 

F: the rotation moment; and 
10 G and H: the moment in the tower base in two dujections perpendicular to each other. 

All moments are presented as imcaltbrated ou^ut voltage from strain gauge amplifiers. 
Prior to fl»e occurrence of vibrations the signal for the edge-wise blade root moment 
is dommated by the dead load. At the approximate time 1 ft© vibrations begin when 
the wind speed exceeds the limit of the stable state. The vibration readies its maximmn 
15 amplitude at flie time 2, said amplitude being considerably above that caused by the 
normal load from tiie dead load and reduces the life of the blade considerably, if not 
controlled. 

Fig. 2 illustrate an exan^>le of a ttirbulator in form of a sfall strip 3 havmg an equilate- 
ral, triangular cross section with a side lengdi of approxhnately 10 mm. The turbulator 
20 is arranged on the leading edge of the bjade 4 in tiie stagnation pomt. The strip has a 
length of 500 mm and is arranged ftpm 3300 mm from the blade tip and towards the 
centre. 

Fig. 3 is an example of how the use of flie turbulator in Fig. 2 removes stall vibrations. 
The figure canq)ri5e8 two x-y diagrams of the edge-wise blade root mom»it versus the 
25 wind speed in m/s. . The raomem is rendered as uncalibrated output voltage from strain 
gauge amplifiers, The m«m values are shown in ttie x-y diagrams by means of a cross 
and the minimum and maximum values by means of a dot. In one diagram (Fig 3A). 
which is recorded prior to the use of the turbulator according to the invention, the 
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blades begins to vibrate at {^proximately 16 m/s. at tvhich point the miiiiimim and 
maximum values diverge ftom the mean value. At a slightly higher wind speed, the 
aniplinide of the vibrations become unacceptable. In the second diagram (Fig. 3B), 
which is rccoided after the use of the torbulator according to the invention, the blades 
5 do not vibrate at any time and the operation can continue until the normal cut-out wind 
speed of 25 m/s is reached. 

Fig. 4 is a top and ftont view of an example of how the tuibulator may be arranged 
as stall strips ia segments. A 10 mm triangular strip as shown in Fig. 2 is used. Four 
segments, each of a length of 500 mm, are arranged on the leading edge of a LM 19.1 
10 blade. The outermost segment is arranged with the largest radius of 3300 mm from the 
tip of flite blade 4. The inner segments arc evenly interspaced with 1500 mm. The total 
length of the blade is approximately 20 m. 

Fig. 4 illustrates an exanqile of how tiic segmaited tuibulator in addition to preventing 
stall vibrations also improves ft© powa: curve of flie wind toAine. The figure comprises 

15 two x-y diagrams of the power inkW versus the wind speed inmys. Inthe x-y diagrams 
the mean values are indicated by means of a cross and the mixdmum and maximum 
values by means of a dot. In one diagrams (Fig: 5A). wMch is recorded prior to the 
use of ttie turbulator according to the invention, the power limitation is only gradual 
and no actual maximum value is obtained. The desired power of 550 kW is noticeably 

20 exceeded. In die second diagram (Fig. 5B). which is recorded after the use of the 
segmented turbulator according to the -invention, the power limitation is very prompt 
and a particularly beneficial power curve is obtained. 

A tutbolator and torbulator segments teq>ectively formed as a stall strip with a trian- 
gular cross section have been illotfrated and desoibed above. However it should be 
25 noted that such a stall strip may have my advantageous cross section. Furthermore it 
should be noted fiiat any turbulence inducing means inducing the intended tarbulence 
may be used as mtbulator and tuibulator segmrots respectively. 
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1 . The use of a tutbulator on the leading edge of a wind turbine blade for damping 
or completely preventing stall vibrations. 

2 The use of a turbulator as claimed in claim 1, wherem the turbnlator is a 
5 substantially triangular strip arranged in or close to the stagnation point. 

3. The use of a turbulator as claimed in claim 1 or 2, wherein nnbulator has a 
length of 1-10% of the length of the blade and is arranged on the leading edge firom 
a point 1-20% of the length of the blade from the blade tip and towards the centre. 

4. The use of a turbulator as claimed in daim 1 or 2, wherein the turbulator is 
10 divided into 2-10 segments, each having a length of 1-5% of the length of the blade and 

arranged with interspaces of 1-15% of the length of flje blade on the leadhig edge from 
a point 1-20% of the length of the blade from the blade tip and towards the centre. 

5. The use of a turbulator as clauned m dahn 1 or 2, y^em the turbulator is 
divided into four segments, each having a lengfli of approximately 2.5% of tiie length 

15 of the blade and arranged with interspaces of approximately 7.5 % of the length of the 
blade on the leading edge from a point, approximately 15% of the length of the blade 
from the blade tip and towards the cottre. 

6. A wind turbine having a blade provided with a turbulator. character! 
s e d in that it con^rises several turbulator segments aligned and evenly interspaced 

20 along the leading edge of Ac blade. • . 

7. A wind turbine as claimed in claim 6, characterised inthat each 
turbulator segment is a substantially triangular strip arranged in or close to the 
stagnation point. 

8. A wind torbine as claimed in claim 6or 7, characterised in that it 
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comprises 2-10 turbuUtor segments, each having a length of 1-5% of the length of the 
blade and ananged with interspaces of 1-15% of the length of the blade on the leading 
edge from a point 1-20% of the length of the blade from the blade tip and towards the 
centre. 

5 9. A wmdttwbineasdaimedinclaim6or7,characterised inthatit 
comprises four mrbulator segments, each having a length of approximately 2.5 % of the 
length of the blade and arranged with interspaces of approximately 7.5% of the length 
of the blade on the leading edge from a point approximately 15% of the length of the 
blade from the blade tip and towards the centre. 
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